In the last two decades, research on the hydraulics of skimming flows down stepped chutes was driven by needs for better design guidelines. Skimming flows are characterized by significant momentum transfer from the main stream to the recirculation zones. Investigations are difficult because of the complex nature of the flow, the strong flow aeration, and the interactions between entrained air and turbulence. This study provides a comprehensive database on main stream and cavity flow interactions in skimming flows down a stepped chute. Measurements were conducted on a large facility (α = 15.9°, h = 0.05 and 0.1 m, W = 1 m) with precise instrumentation based upon a Froude similitude. Air-water velocity and turbulence measurements demonstrated a well-defined mixing layer developing downstream of each step edge in which the velocity profiles had the same shape as classical monophase flow results. A comparative analysis of air-water flow properties for Froude similar flow conditions showed a good agreement between the two step heights in terms of dimensionless distributions of air content, velocity, and turbulence intensity, but dimensionless bubble count rates, turbulence levels, and bubble chord sizes were improperly scaled.
Introduction
During the last two decades, research on the hydraulics of stepped chutes was driven by needs for better design guidelines (Chanson 1995; Ohtsu and Yasuda 1998; Minor and Hager 2000; Chanson 2001 ). Most research was conducted for skimming flows corresponding to the largest discharges per unit width. That is, the waters flow down a stepped channel as a coherent stream skimming over the pseudobottom formed by step edges (Rajaratnam 1990) (Fig. 1) . Beneath the three-dimensional cavity vortices develop and recirculation is maintained through the transmission of shear stress from the main stream (Fig. 2) . Small-scale vorticity is also generated at the corner of the steps. Skimming flows are characterized by very significant form losses and momentum transfer from the main stream to the recirculation zones. There is an obvious analogy with skimming flows past large roughness elements and cavities (Townes and Sabersky 1966; Knight and Macdonald 1979; Djenidi et al. 1994; Elavarasan et al. 1995; Tantirige et al. 1994; Manso and Schleiss 2002) . In stepped chutes, however, little research was conducted on the interactions between the main stream and the cavity recirculation, with the exception of preliminary experiments by Boes (2000) , Chanson and Toombes (2002a) , and Matos et al. (2001) , and some crude modelling by Chanson et al. (2000 Chanson et al. ( , 2002 . Investigations are difficult because of the complex nature of the flow, the strong flow aeration, and the interactions between entrained air and turbulence.
It is the purpose of this study to provide a comprehensive database on main stream and cavity flow interactions in skimming flows down a stepped chute. Measurements were conducted on a large facility (α = 15.9°, h = 0.05 and 0.1 m, W = 1 m, where α is the channel slope, h is the height of steps measured vertically, and W is the channel width) with precise instrumentation. The results provide a better understanding of the momentum exchange processes.
Similitude and dimensional analysis
In skimming flows down a stepped chute, flow resistance is primarily step form drag. Free-surface aeration is very intense, and its effects cannot be neglected. Analytical and numerical studies of skimming flows are difficult because of the number and complexity of the relevant equations. Experimental investigations are preferred, and this study is no ex- ception. In a channel made of flat horizontal steps, a complete dimensional analysis yields where C is the void fraction, V is the velocity (metres per second), d e is an equivalent clear-water depth (metres), g is the acceleration due to gravity (metres per second squared), u′ is the root mean square of the axial component of turbulent velocity (metres per second), v′ is the root mean square of the lateral component of turbulent velocity (metres per second), d ab is a characteristic bubble size (metres), x l is the longitudinal distance measured in the flow direction (metres), y is the distance measured normal to the pseudobottom formed by the step edges (metres), q w is the water discharge per unit width (square metres per second), µ w and ρ w are the dynamic viscosity (pascal second) and density of water (kilograms per cubic metre), respectively, σ is the surface tension (newtons per metre), α is the angle between the horizontal and the pseudo-bottom formed by the step edges, and k s ′ the equivalent sand roughness height of the step faces (Fig. 2) . For air-water flows, d e is usually defined as
where Y 90 is the characteristic distance for C = 0.9. For geometrically similar models, it is impossible to satisfy simultaneously more than one similitude, and scale effects will exist when one or more π-terms have different values in the model than the prototype. For example, in small-sized models based upon a Froude similitude, the air entrainment process may be affected by significant scale effects (Wood 1991; Chanson 1997) . Similarly, for stepped chute studies based upon a Froude similitude, scale effects in terms of flow resistance are small when the Reynolds number and step height satisfy, i.e., ρ w q w /µ w > 2.5 × 10 4 and h > 0.02 m (Chanson et al. 2002) . In the present study, a Froude similitude was used as for most open channel flow studies (Henderson 1966; Chanson 1999) . Detailed air-water measurements were conducted in a large-sized facility to ensure that the experimental results might be up-scaled with negligible scale effects (Table 1) .
Experimental apparatus and instrumentation
Experiments were conducted at The University of Queensland in a 1-m wide channel previously used by Chanson and Toombes (2002a) . The new test section was 4.2 m long and consisted of a broad crest followed by 9 identical steps of 0.10 m height or 18 steps of 0.05 m height (Table 1 ). The chute slope was α = 15.9°(l = 0.35 and 0.175 m, respectively). The flow rate was supplied by a pump controlled with an adjustable frequency AC motor drive. The discharge was measured from the upstream head above crest with an accuracy of about 2%. Flow visualizations were conducted with high-shutter-speed digital equipment, i.e., a digital videocamera handycam Sony™ DV-CCD DCR-TRV900 (speed: 25 frames/s, shutter: 1/4 to 1/10 000 s) and a digital camera Olympus™ Camedia C-700 (shutter: 1/2 to 1/1 000 s).
Air-water flow properties were measured using a doubletip conductivity probe (Ø = 0.025 mm for each sensor). The probe sensors were aligned in the flow direction and excited by an air bubble detector (AS25240). The probe signal was scanned at 20 kHz per sensor for 20 s. Most measurements were conducted with a probe tip separation of ∆x = 8 mm in the streamwise direction. (The exact distance ∆x was measured with a microscope Beck/London Model 2294 with an error of less than 0.00217 mm.) The shear flow region immediately downstream of the outer step edge was characterized by intense turbulent shear and recirculation. A few measurements in that flow region (x s /L cav < 0.5 and y < 0) were performed with a probe sensor spacing of ∆x = 3.18 mm, where x s is the streamwise distance from the step edge and L cav is the step cavity length (metres). (Fig. 2) . The shorter probe tip spacing authorized better cross-correlations among probe tip signals.
The translation of the probes in the direction normal to the channel invert was controlled by a fine adjustment travelling mechanism connected to a Mitutoyo™ digimatic scale unit. The error on the vertical position of the probe was less than 0.1 mm.
Experimental flow conditions
Experimental investigations were conducted for dimensionless flow rates d c /h ranging from 0.6 to 3.2, where d c is the critical depth. For d c /h < 0.6, a succession of free-falling nappes was observed. For 0.6 < d c /h < 1.25, the flow exhibited a chaotic flow behaviour associated with strong droplet ejection processes downstream of the inception point of freesurface aeration, i.e., transition flow regime. For d c /h ≥ 1.3, the flow skimmed over the pseudo-bottom formed by the step edges, i.e., skimming flow regime. Irregular-cavity fluid ejections were observed that were evidences of momentum transfer between the main stream and the cavity flows. The recirculating fluid flowed outwards into the main stream and was replaced by new fluid. The ejection and inflow processes took place predominantly near the downstream end of the cavity.
The present study focused on the highly aerated skimming flow regime. For five flow rates with h = 0.1 m and seven flow rates with h = 0.05 m, detailed air-water flow measurements were conducted at all outer step edges downstream of inception and at several positions x s /L cav in and above the recirculation cavities.
Air-water flow properties at step edges
At the upstream end of the cascade, the flow was smooth and no air entrainment occurred. After a few steps the flow was characterized by a strong air entrainment. A similar longitudinal pattern is seen in Fig. 1 . Downstream, the twophase flow behaved as a homogeneous mixture. The exact location of the interface became undetermined. There were continuous exchanges of air-water and momentum between the main stream and the atmosphere. The air-water flow consisted of a bubbly flow region (C < 30%), a spray region (C > 70%), and an intermediate flow structure for 0.3 < C < 0.7 (Fig. 2) . Waves and wavelets could propagate along the free surface (Toombes 2002) .
At the step edges, the advective diffusion of air bubbles may be described by an analytical model of air bubble diffusion [3] ( )
where K′ is an integration constant and D o is a dimensionless diffusivity term, which is a function of the mean void fraction (Chanson and Toombes 2002a) . The data were compared successfully with eq.
[3] (Fig. 3a) . Figure 3a also presents dimensionless distributions of bubble count rates Fd c /V c , where F is the bubble count rate (hertz) defined as the number of bubbles detected by the probe sensor per second and V c is the critical flow velocity. For all flow rates, the data showed maximum bubble count rates for C ≈ 40% to 50%, while the relationship between bubble count rate and void fraction was quasi-parabolic (Fig. 4b) . Two phase flow velocity distributions are presented in Fig. 3b in terms of the time-averaged air-water velocity V and turbulence intensity Tu = u′/V. The latter was deduced from the width of the cross-correlation function. The processing technique was detailed in Chanson and Toombes (2002b) . In skimming flows, the velocity data at step edges compared favourably with a power law
where V 90 is the characteristic velocity for C = 90% (Fig. 3b) . Overall, N was found to be typically between 5 and 12, but the data exhibited some longitudinal oscillations with a wave length of about 2 to 3 step cavity lengths. Such longitudinal oscillations were also observed in terms of mean air content C mean and mean flow velocity U w (Table 2) where [5] Table 2 presents depth-averaged results for one flow rate only, the data were relatively typical of all results. Some data of Boes (2000) and Matos (2000) showed similar longitudinal oscillations in terms of depth-averaged air contents. It is believed that these longitudinal waves were the result of strong interactions between vortex shedding downstream of each step edge and the free surface.
The distributions of turbulence intensity Tu showed high turbulence levels across the entire air-water flow mixture, i.e., 0 ≤ y ≤ Y 90 (Fig. 3c) . The trend differed significantly from turbulence intensity profiles observed in turbulent boundary layer flows (Schlichting 1979) , although they are close to the earlier results of Chanson and Toombes (2002a) on a 22°slope stepped chute.
Air-water flow properties between step edges
Between step edges (0 < x s /L cav < 1), air-water flow properties exhibited significant differences, particularly for y/Y 90 < 0.3. Figures 4 and 5 illustrate a data set for one cavity flow. Between step edges, void fraction distributions showed greater flow aeration than at step edges (Fig. 4) . Matos et al. (2001) reported a similar finding. Mean air concentrations calculated from the pseudo-bottom formed by the step edges (y = 0) were typically 20% to 30% larger than those observed at the upstream and downstream step edges (Table 3) . It was proposed that air bubbles were trapped in the large-scale vortical structures of the recirculation zone by inertial effect (Matos et al. 2001) .
Dimensionless velocity distributions are shown in Fig. 5 , while characteristic parameters are summarized in Table 3 for the same data set. Figure 5a shows longitudinal variations of the velocity distribution above the recirculation zone. The data suggest a developing shear layer downstream of the singularity formed by the step edge. In Fig. 5b , the experimental data are compared with the theoretical solutions of Tollmien and Goertler for plane turbulent shear layers (Rajaratnam 1976; Schlichting 1979) . For a free shear layer, Tollmien's solution of the equations of motion yields where u and t are dimensionless variables used to define erf. In monophase flows, a was found to be 0.084 and 0.09 for the data sets of Liepmann and Laufer (1947) and Albertson et al. (1950) , respectively, while K was equal to 11 for the data of Liepmann and Laufer. For the experimental data presented in Figs. 4 and 5, values of the coefficients a and K are summarized in Table 3 . (These data were obtained from the best data fit.) Along one-step cavity, the coefficient K increased with x s towards monophase flow values (K = 11), while the values of a decreased with x s towards the reported values for monophase flow (a ≈ 0.09). 
Turbulence levels
Turbulence intensity distributions in the shear layers are presented in Fig. 5c . The data showed very high levels of turbulence in the shear flow. Maximum turbulent intensities of more than 60% were observed. These values were consistent with turbulence intensity measurements in plunging jet flows by Chanson and Brattberg (1998) and in wake flows between rocks by Sumer et al. (2001) . However, the present data were significantly larger than turbulence levels observed in monophase developing shear flows. In monophase mixing layers, experimental data indicated maximum turbulence levels (Tu) max = 15% to 20% for x s /d j ≤ 4 where d j is the jet flow thickness (Davies 1966; Sunyach and Mathieu 1969; Wygnanski and Fiedler 1970) .
The present data suggested further greater turbulence intensities next to the downstream end of the cavity (x s /L cav ≥ 0.5). For example, the maximum turbulence levels (Tu) max were about 0.8, 1, 1.1, and 1.5 for x s = 0.2, 0.3, 0.6, and 0.75, respectively (Fig. 5c) . The findings might be consistent with visual observations of cavity fluid ejection and replenishment taking place primarily next to the cavity downstream end.
Step edge 
Discussion
Air-water flow similarity For two dimensionless flow rates (d c /h = 1.5 and 1.7), identical experiments were repeated with h = 0.05 and 0.10 m. A detailed comparison of the results obtained with the two step heights for a similar flow rate showed good agreement between the two configurations in terms of dimensionless distributions of air content, velocity, and turbulence intensity, as well as in terms of mean air content C mean , dimensionless flow velocity U w /V c , and air-water flow velocity V 90 /V c . However, significant differences were observed in terms of dimensionless bubble count rates Fd c /V c , while lesser maximum turbulence levels were noted with h = 0.05 m. At each step edge, measurements for h = 0.05 m showed lesser dimensionless bubble count rates by about 30% to 50% than those observed for h = 0.10 m at an identical step edge for the same dimensionless flow rate. The finding suggests some scale effects in terms of bubble counts and bubble sizes.
A comparative analysis of bubble chord size distributions for identical flow rate, location, and local void fraction showed consistent differences between the two step heights that were not scaled at 2:1, implying that eq.
[1] could not be approximated properly by a Froude similitude (e.g., Fig. 7 ). Figure 7 compares bubble chord sizes recorded at the same dimensionless distance from the inception point and for the same dimensionless flow rate with the two step heights (h = 0.1 and 0.05 m). Figure 7a shows air chord size distributions in 0.5 mm intervals for C ≈ 0.1. The data show similar air chord size distributions independently of the step height. Figure 7b presents the distributions of mean air chord sizes at the same locations for the two step heights.
Turbulent shear stress
At each step, the cavity flow is driven by the developing shear layer and the transfer of momentum across it (Figs. 2 and 5). The equivalent boundary shear stress of the cavity flow equals the maximum shear stress τ max in the shear layer that may be modelled by a mixing length model
where ν t is the momentum exchange coefficient (Chanson et al. 2000) . For Goertler's solution of the equations of motion, the dimensionless pseudo-boundary shear stress equals
where 1/K is the rate of expansion of the mixing layer. Note that eq.
[10] is homogeneous to a Darcy-Weisbach friction factor. For the data shown in Figs. 5 and 6, the integration of eq.
[9] along the step cavity yields an average friction factor Step edge Table 3 . Air-water flow properties between two adjacent step edges for q w = 0.219 m 2 /s, d c /h = 1.7, h = 0.10 m, between step edges 8 and 9.
[11]
This result represents the average dimensionless shear stress between the cavity flow and the main stream. In monophase shear flow above a rectangular cavity, Wygnanski and Fiedler (1970) observed that the maximum shear stress was almost independent from the distance from the singularity, and their data yielded 8τ max /(ρV o 2 ) = 0.18. For cavity flows, Haugen and Dhanak (1966) and Kistler and Tan (1967) observed similar results, which are of the same order of magnitude as the present findings.
For the same flow rate as in Figs. 5 and 6, the flow resistance estimate, derived from the friction slope, was f e = 0.15 (Table 4) , where f e is the air-water flow friction factor. The result is close to eq. [11] . Generally, present experimental results demonstrated that the flow resistance was reasonably well approximated by the integration of eq. [10] along step cavities. The finding is an improvement of the gross approximation of Chanson et al. (2002) , who assumed a constant coefficient K.
For completeness, the "equivalent" friction factors derived from the measured friction slope are presented in Table 4 Note: f e , air-water flow resistance deduced from the friction slope (Chanson et al. 2002) . 
Summary and conclusion
An experimental investigation of skimming flow down a stepped chute was conducted in a large-sized facility (α = 15.9°, W = 1 m) with two step heights (h = 0.1 and 0.05 m). The study focused on the air-water flow properties between step edges. Air-water velocity and turbulence measurements demonstrated a well-defined mixing layer developing downstream of each step edge. In the developing shear layer, the velocity profiles had the same shape as classical monophase flow results (e.g., Tollmien and Goertler profiles), but the rate of expansion of the mixing layer was greater, especially immediately downstream of the step edge. Maximum turbulent shear estimates in the shear layer yielded equivalent friction factors that were consistent with Darcy friction factors deduced from the measured friction slope. Overall, the findings confirmed the analogy between skimming flows and turbulent flows past cavities.
A comparative analysis of air-water flow properties for Froude similar flow conditions showed good agreement between the two step heights in terms of dimensionless distributions of air content, velocity, and turbulence intensity, as well as in terms of mean air content C mean , dimensionless flow velocity U w /V c , and air-water flow velocity V 90 /V c . Significant differences were observed in terms of dimensionless bubble count rates, turbulence levels, and bubble chord sizes. The results highlighted some limitations of the Froude similitude for studies of skimming flows.
